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Abstract

Background: Mixed parasitic infections, involving
the simultaneous presence of two or more parasite
species in a single host, are common in endemic
regions and are associated with increased disease
severity, diagnostic complexity, and challenges in
clinical management. Conventional diagnostic
methods, including microscopy and antigen-based
assays, often have limited sensitivity and may fail to
accurately detect co-infections, particularly when
parasite burdens are low or morphologically similar
species are present. Recent advances in molecular
diagnostics, particularly Next-Generation
Sequencing (NGS), have transformed the detection
and characterization of parasitic pathogens by
enabling comprehensive, high-throughput analysis of
parasite DNA from clinical and environmental
samples.

Objective: This review aims to examine the current
applications of Next-Generation Sequencing in
identifying mixed parasitic infections, evaluate its
diagnostic performance compared with conventional
and targeted molecular methods, and discuss its
potential role in clinical laboratory practice,
epidemiological  surveillance, and  precision
medicine.

Methods: A comprehensive review of published
literature was conducted using peer-reviewed articles
indexed in major scientific databases, including
PubMed, Scopus, Web of Science, and Google
Scholar. Studies published in recent years focusing
on NGS applications in the diagnosis of protozoan
and  helminth co-infections, metagenomic
sequencing, targeted amplicon sequencing, and
bioinformatics approaches were critically analyzed.
Results: The reviewed evidence demonstrates that
NGS significantly improves the detection of mixed
parasitic infections by identifying multiple parasite
species simultaneously with high sensitivity and
specificity. Metagenomic and targeted sequencing
approaches enable the detection of rare, emerging,
and previously unrecognized parasites, while also
providing valuable information on parasite diversity,
genetic variation, antimicrobial resistance markers,
and transmission dynamics. Despite these

advantages, widespread implementation remains
constrained by high costs, specialized laboratory
infrastructure, complex bioinformatics requirements,
and the lack of standardized analytical workflows and
quality assurance guidelines.

Conclusion: Next-Generation Sequencing represents
a transformative tool in medical parasitology,
offering unprecedented opportunities for accurate
diagnosis of mixed parasitic infections and enhanced
understanding of parasite epidemiology. Although
several technical and economic barriers currently
limit routine clinical implementation, continued
advances in sequencing technologies, automation,
and bioinformatics are expected to improve
accessibility and cost-effectiveness. Future research
should focus on developing standardized protocols,
validating NGS-based diagnostic workflows, and
integrating these technologies into accredited clinical
laboratory services to support precision diagnostics
and public health surveillance.
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I. Introduction

Intestinal parasitic infections, caused by
helminths and protozoa, represent a major global
public health crisis and a primary driver of disease.
Nearly a third of the world's population—roughly 3.5
billion people—are affected, with approximately 450
million individuals actively suffering from illness as
a result. While these infections are a widespread
concern, protozoan parasites are more frequently
responsible for gastrointestinal issues in developed
nations than helminths. Intestinal parasites are
broadly categorized into two groups based on their
cellular structure:

1. Helminths (Multicellular Worms)

Helminths are multicellular organisms divided into
three main categories: roundworms (Nematodes),
flatworms (trematodes), and tapeworms (cestodes).
The most frequent intestinal helminths infecting
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humans include: Ascaris lumbricoides causative agents behind a patient's
(roundworm), Trichuris trichiura symptoms %78,

(whipworm),Ancylostoma duodenale and Necator
americanus (hookworms)

2. Protozoa (Unicellular Organisms)

Unlike helminths, protozoan parasites consist of a
single cell and possess the ability to multiply within
the human host. Common species include Entamoeba
histolytica, Giardia intestinalis, Cryptosporidium
spp., and Cyclospora cayetanensis. These parasites
are responsible for various diarrheal illnesses,
including: Amoebiasis, Giardiasis, Cryptosporidiosis
and Cyclosporiasis.

The spread and prevalence of intestinal parasitic
infections are heavily shaped by environmental and
social determinants. Key factors include:geographic
location and climate, socio-economic status,hygiene
practices and sanitation infrastructure and overall
baseline health status. When these conditions are
substandard, they create environments where
parasites thrive, significantly increasing human
exposure and transmission rates 2.

Accurately diagnosing parasitic infections is vital due
to their widespread prevalence, global distribution,
and high rates of illness and death. Because many
parasitic diseases mimic the clinical symptoms of
bacterial, viral, or fungal infections, healthcare
providers cannot rely on symptoms alone; they
require specialized, expert testing®. Traditional
diagnostic  approaches include  microscopy,
immunodiagnostics, and standard molecular assays.
However, these conventional methods frequently
suffer from:Low sensitivity and poor accuracy and
Time-consuming workflows 4. To overcome these
barriers, novel diagnostic tools have been developed
to accelerate turnaround times and improve detection
rates. Advanced molecular methods, such as
multiplex PCR, now allow clinicians to efficiently
detect and differentiate parasites across a variety of
settings, including human and animal fecal matter,
bodily fluids, and environmental surfaces 3. Next-
Generation Sequencing (NGS) is transitioning
modern clinical microbiology labs into "smart
laboratories." While occasionally prone to errors,
NGS offers powerful capabilities by allowing the
comprehensive sequencing of millions of DNA
fragments simultaneously.

Key Benefits of NGS:

e Broad Application: It is highly valuable for
analyzing complex, non-sterile clinical and
environmental samples.

e Pathogen Identification: By measuring the
relative frequency of specific nucleic acid
sequences, NGS helps pinpoint the exact

e Versatility: Its impact spans beyond
clinical human medicine into fields like
veterinary parasitology. Controlling
parasitic infections in veterinary medicine is
essential, as these diseases directly impact
animal health, welfare, and agricultural
productivity, while also presenting zoonotic
risks to human populations. Implementing
effective prevention, management, and
diagnostic strategies is crucial to mitigating
economic losses in the livestock industry,
safeguarding the global food supply, and
protecting public health.

Next-Generation Sequencing (NGS) has become a
vital tool in both human clinical parasitology and
veterinary research. Beyond simply detecting
parasites in diverse samples, NGS is used to:

e Analyze Genetics &  Evolution:
Understand genetic diversity, evolutionary
relationships, taxonomic distribution, and
variations within specific parasite isolates.

e Track Disease Transmission: Conduct
epidemiological studies and measure the
exact abundance of specific parasite species
within a clinical sample.

e Investigate Cellular Function: Assess
cellular energy metabolism to identify genes
linked to inflammation, pathogen infection,
and chromosomal abnormalities
(aneuploidies).

e Combat Resistance: Identify genetic

markers responsible for anti-parasitic drug
resistance >'%!,
Conventional diagnostic methods are often
slow, lack sensitivity, and fail to fully
capture complex pathogen communities.
NGS bypasses these hurdles by providing
high-resolution ~ data  on  parasitic
populations directly from samples without
requiring prior culturing. It also streamlines
lab workflows by using barcoding, which
allows multiple samples to be sequenced
simultaneously in a single run, drastically
reducing turnaround times. The revolution
of clinical parasitology laboratories relies on
three primary applications of NGS
technology:

1. Metagenomics
Metagenomics
e Enhanced Sensitivity: These methods
sequence directly from clinical specimens,
drastically improving the detection of rare,

(mNGS) and Targeted
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low-frequency, or elusive organisms that
traditional tests miss.

e Streamlined Assays: NGS can consolidate
diagnostic steps by identifying zoonotic
parasites and detecting drug-resistance
markers simultaneously in a single test.

2. Whole Genome Sequencing (WGS)

e Genetic Profiling: WGS maps entire
genomes to  clarify  host-pathogen
relationships, parasite biodiversity, and
evolutionary trends in  vector-borne
parasites (such as Trypanosomatidae).

e Epidemic Tracking: Mapping genetic
diversity provides crucial insights into how
a species reproduces and transmits, enabling
researchers to better monitor and control
potential epidemics.

3. Resistance Monitoring

e Uncovering Resistances: NGS is crucial for
decoding the genetic mechanisms behind
antiparasitic drug resistance, particularly in
livestock ruminants. It can identify both known
resistance genes and completely novel,
previously undocumented resistance
mechanismslz"”"m"15"16"17’18.

o However, several distinct limitations prevent this
method from being widely adopted in standard
research and parasitic laboratories. Currently,
the technology is restricted to a select group of
clinical facilities that possess both the substantial
financial resources and the highly trained,
specialized personnel required to successfully
operate and maintain it !°.

To fully appreciate how next-generation
sequencing (NGS) impacts clinical parasitology, a
quick look at its workflow is helpful. The general
NGS protocol consists of fragmenting DNA or RNA,
attaching specialized adapters, sequencing these
prepared libraries, and finally assembling the pieces
to reconstruct the original genome. While it functions
similarly to traditional capillary electrophoresis,
NGS stands out because it can sequence millions of
fragments at the same time, producing massive
amounts of data much more efficiently 2°.

Next-generation sequencing (NGS) offers a
versatile range of applications, tailored to the specific
focus of a given research field. Within clinical
parasitology, these diverse uses are generally
classified into five main areas: Whole Genome
Sequencing (WGS), RNA sequencing, epigenomics,
metagenomic NGS (mNGS), and targeted NGS
(tNGS). Among these, WGS allows scientists to
sequence an  organism's entire = genome—
encompassing all chromosomal DNA—in a single

process, which is then aligned and compared to a
known reference sequence 2.

Conventional molecular epidemiology of
Giardia duodenalis is frequently constrained by
standard PCR and Sanger sequencing, which
disproportionately —amplify dominant parasite
populations and fail to detect mixed-assemblage
infections. To address this limitation, next-generation
sequencing (NGS) was evaluated against Sanger
sequencing using 37 Giardia-positive samples
spanning various assemblages in study done by
Jenny G. Maloney,et al 2020. The two methods
demonstrated strong concordance regarding primary
assemblage identification, validating the accuracy
and high-quality sequence generation (99.6% to
100% BLAST identity) of the NGS workflow
without introducing sequencing artifacts . NGS
demonstrated superior sensitivity in identifying intra-
host parasite diversity. Out of six mixed-assemblage
infections identified by NGS, Sanger sequencing
missed four entirely and only weakly indicated the
remaining two via chromatogram analysis. Notably,
NGS successfully resolved complex mixtures using a
single genetic marker, uncovering expected co-
infections (assemblages A and E in livestock; C and
D in canines) as well as rare, low-abundance variants
(such as assemblage E in dogs at < 1% read
abundance).Furthermore, optimizing bioinformatic
clustering  thresholds  proved  vital for
epidemiological tracking: a 98% clustering threshold
is optimal for identifying distinct assemblages,
whereas a 100% threshold successfully uncovers
single-nucleotide polymorphisms (SNPs) and intra-
assemblage variation. This high-resolution capacity
makes NGS a powerful tool for environmental source
tracking, outbreak investigations, and resolving
historical multi-locus genotyping discrepancies
caused by PCR primer bias 2!.

Furthermore, targeted next-generation
sequencing (tNGS) has proven effective in
diagnosing toxoplasmic encephalitis by detecting
Toxoplasma gondii in the blood and cerebrospinal
fluid (CSF) of a pediatric leukemia patient. This
specific case underscores the clinical value of tNGS
for identifying uncommon pathogens within
immunocompromised populations, thereby enabling
rapid diagnosis and prompt therapeutic intervention.
Because delayed detection and treatment in these
vulnerable patients can result in catastrophic
complications and high mortality rates, tNGS serves
as an essential diagnostic asset—particularly when
conventional testing methods suffer from poor
sensitivity or unacceptably long turnaround times?2.

Metagenomic next-generation sequencing
(mNGS) has shown outstanding diagnostic accuracy,
featuring both high sensitivity and specificity when
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identifying Cryptosporidium in patients suffering
from acute diarrhea. This capability is especially
critical for immunocompromised individuals, who
are more prone to unusual clinical presentations. For
instance, mNGS successfully diagnosed an
Enterocytozoon bieneusi infection in a 47-year-old
male after standard diagnostic tests failed to find it,
allowing for targeted medication and a full recovery.
In another case, mNGS provided a rapid diagnosis for
a 10-year-old child with severe cryptosporidiosis
following inconclusive conventional testing, which
expedited the correct treatment and subsequent
healing. Together, these clinical scenarios underscore
the superior capacity of mNGS to identify parasitic
pathogens that either present atypically or escape
detection by standard microscopy 234 .

II.  Conclusion
Next-generation sequencing (NGS) offers a
transformative opportunity for the clinical detection
and management of parasitic diseases. This
technology enables comprehensive pathogen
identification, detailed genetic characterization, and
continuous monitoring of parasites, while also
uncovering critical markers of drug resistance.
Furthermore, NGS strengthens public health
responses by aiding epidemiologic surveillance and
outbreak investigations, while simultaneously
advancing our understanding of complex host-
parasite dynamics. Ultimately, integrating NGS into
standard diagnostic workflows could foster
innovative laboratory frameworks that completely

revolutionize clinical parasitology.
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